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Protein glutathionylation is an important post-transla-
tional modification that regulates many cellular pro-
cesses, including energy metabolism, signal trans-
duction, and protein homeostasis. Global profiling of
glutathionylated proteins (denoted as glutathiony-
lome) is crucial for understanding redox-regulated
signal transduction. Here, we developed a novel
method based on click reaction and proteomics to
enrich and identify the glutathionylated peptides in
Escherichia coli and Drosophila lysates, in which
937 and 1,930 potential glutathionylated peptides
were identified, respectively. Bioinformatics analysis
showed that the cysteine residue next to negatively
charged amino acid residues has a higher frequency
of glutathionylation. Importantly, we found that most
proteins associated with metabolic pathways were
glutathionylated and that the glutathionylation sites
of metabolic enzymes were highly conserved among
different species. Our results indicate that the gluta-
thione analog is a useful tool to characterize protein
glutathionylation, and glutathionylation of metabolic
enzymes, which play important roles in regulating
cellular metabolism, is conserved.
INTRODUCTION
Protein thiols are vulnerable to oxidative stresses to undergo
various modifications, such as oxidation that generates sul-
fenic, sulfinic, or sulfonic acids, disulfide bond formation,
nitrosylation, and glutathionylation (Dalle-Donne et al., 2009;
Martinez-Ruiz and Lamas, 2007). S-Glutathionylation is an
important protein post-translational modification whereby pro-
tein cysteine residues form disulfide bonds with glutathione
(GSH) chemically or enzymatically, and protect the protein
thiols from the irreversible oxidative processes. Deglutathiony-
lation, which is the reverse process of glutathionylation, is cata-
lyzed by redoxins, such as glutaredoxin, thioredoxin (Trx), and
sulforedoxin (Chrestensen et al., 2000; Findlay et al., 2006;
Townsend et al., 2009).Chemistry & Biology 22, 1461–146Glutathionylation plays important roles in living cells and or-
ganisms. Not only can it protect sensitive protein thiols from
irreversible oxidation, it also can regulate physiological pro-
cesses by modulation of protein activity and redox signaling
(Martinez-Ruiz and Lamas, 2007; Shelton et al., 2005). In energy
metabolism, glutathionylation regulates the activities of a variety
of enzymes such as glyceraldehyde-3-phosphate dehydroge-
nase in glycolysis and the Calvin cycle, isocitrate dehydroge-
nase, a-ketoglutarate dehydrogenase in the Krebs cycle, and
complexes I and II in the electron transfer chain (Applegate
et al., 2008; Chen et al., 2007; Cotgreave et al., 2002; Hurd
et al., 2008; Kil and Park, 2005; Zaffagnini et al., 2007). Further-
more, glutathionylation modulates activities of enzymes and
signal transduction. Many kinases and phosphatases such as
MEKK1, PTP1B, and small GTPase p21ras are modified by
glutathionylation, which decreases or enhances their activities
to mediate signal transduction (Clavreul et al., 2006; Cross
and Templeton, 2004; Rinna et al., 2006). Some signal mole-
cules, such as tumor suppressor p53, nuclear factor kB, and
c-Jun, can be directly modified by GSH and affect the down-
stream signal pathway (Klatt and Lamas, 2002; Pineda-Molina
and Lamas, 2002; Velu et al., 2007). In addition, cytoskeletal as-
sembly, redox homeostasis, protein degradation, and cellular
apoptosis can be regulated by glutathionylation through modifi-
cations of actin, Trx, 20S proteasome, and caspase 3 (Casa-
grande et al., 2002; Dalle-Donne et al., 2003; Demasi et al.,
2003; Huang et al., 2008). These results demonstrate that protein
glutathionylation is a universal and essential event in cellular
signaling and processes.
Over the last two decades, various methods have been
developed to identify glutathionylated proteins or peptides.
2D PAGE was used to distinguish glutathionylated proteins
from the unmodified proteins by detection with 35S radio-
labeling, N-ethylmaleimide-biotin blotting, anti-glutathione anti-
body, or biotinylated GSH (Fratelli et al., 2002, 2003; Gao et al.,
2009; Lind et al., 2002). Due to limitations of the 2D-gel method,
the number of glutathionylated proteins detected was less than
100 before the year of 2008. Over recent years, new methods
for identification of glutathionylated proteins have greatly
increased the number of glutathionylated proteins identified
in different species. Kehr et al. (2011) used biotinylated GSH
combined with liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) to enrich glutathionylated proteins and identi-
fied nearly 500 glutathionylated proteins in malaria parasites.9, November 19, 2015 ª2015 Elsevier Ltd All rights reserved 1461
Figure 1. Mass Spectra of Tryptic CK Pep-
tides Modified by GSH Analog
(A) The mono-isotope peak at m/z 1071.17
matches the mass of the Cys283-containing pep-
tide that is modified with GSH analog.
(B) The mono-isotope peak at m/z 1,243.82
matches the mass of the Cys74-containing peptide
that is modified with GSH analog.
(C) TheMS/MS spectrum of the Cys283-containing
peptide modified by the probe.
(D) The MS/MS spectrum of the Cys74-containing
peptide modified by the probe.
The GSH analog is fragmented under collision-
induced dissociation conditions.Zaffagnini et al. (2012) and Chardonnet et al. (2014) used the
same method to identify 225 and 383 glutathionylated proteins
in Chlamydomonas reinhardtii and cyanobacterium Synecho-
cystis, respectively. Chiang et al. (2012) overexpressed Gaps
(glutathionyl spermidine synthetase) in 293T cells and identified
1,409 glutathionylated peptides by using biotinylspermine as
the enrichment matrix.
These results also showed that different sets of glutathiony-
lated proteins have been identified using different enrichment
matrices, indicating that there are no universal applicable
methods for identification of all glutathionylated proteins.
Meanwhile, GSH-biotin as the widely used method for protein1462 Chemistry & Biology 22, 1461–1469, November 19, 2015 ª2015 Elsevier Ltd All rights rglutathionylation profiling suffers a dis-
advantage for having a bulky biotin
group that may limit its accessibility to
some cysteine residues. Furthermore, it
is important to find the consensus motif
of glutathionylation. Here, we developed
an alkynyl-containing GSH analog as the
probe to enrich the glutathionylated
peptides, and applied this method to
profile the glutathionylated proteins
in vitro from two model organisms,
Escherichia coli and Drosophila. We
also examined the effects of protein
glutathionylation on the activities of
metabolic enzymes.
RESULTS
Development of Alkynyl-Containing
GSH Analog for Enrichment of
Glutathionylated Peptides
The alkynyl-containing GSH analog was
synthesized as described in Experimental
Procedures, whereby propargylamine
was used to acylate the carboxyl group
of glycine residue in GSH. To enrich gluta-
thionylated peptides, GSH analog was
used to react with proteins from cell ly-
sates, which generated GSH analog-
modified proteins. The modified peptides
that contain the analkynyl group further re-
acted with an azido-biotin reagent and theproducts were then enriched followed by detection with LC-MS/
MS analysis.
Humanmuscle creatine kinase (HMCK)was used as themodel
system to test whether the synthesized GSH analog reacted with
free cysteines in proteins. Previous studies reported that the
Cys283 of CK was glutathionylated, which was analyzed by
MALDI-TOF/TOF, and that glutathionylation decreased CK ac-
tivity (Reddy et al., 2000). In this study, the tryptic peptides
from the reaction product of CK and GSH analog were analyzed
with LC-MS/MS. The monoisotopic peak at m/z 1,071.17 corre-
sponds to themass of themodified peptide, in which the Cys283
was modified by GSH analog (Figure 1A). The MS/MS spectrumeserved
Figure 2. Detection of Glutathionylated Proteins by Chemilumines-
cence
(A) Scheme illustrating the experimental procedure in which the letters stand
for the amino acid residues Ile, Met, Thr, Val, Gly, Cys, Val, Ala, Gly in the
glutathionylated sequence motif in CK.
(B) Chemiluminescence detection of glutathionylated CK separated and de-
tected in non-reduced PAGE. Recombinant CK was modified as described in
Experimental Procedures. The first lane is the GSH analog only; the second
lane is the glutathionylated CK from reactions with GSH; the third lane is the
probe-modified CK from reactions with GSH analog; the last lane is the
product of CK reacting with themixture of GSH andGSH analog, in whichGSH
concentration is three times higher than that of GSH analog. Note that the
probe-modified CK is detectable under this condition. CB, Coomassie blue
staining; WB, western blotting.
(C) Chemiluminescence detection of modified proteins from 293T cell lysates
treated with GSH (C) or GSH analog (P) followed by reactions with azido-biotin
and separation in non-reducing PAGE.showed an intensive fragment ion corresponding to the
breakage of the amide bond in GSH analog to generate MH3+-
A fragment ions (Figure 1C). The fragmentation pattern of the
GSH analog-modified peptide is consistent with our earlier
report (Feng et al., 2014b). We also identified that Cys74 of CK
was glutathionylated (Figures 1B and 1D). The glutathionylation
of Cys74 and Cys283 in CK were validated using GSH as theChemistry & Biology 22, 1461–146reactant. The MS spectra of reaction products are shown in Fig-
ures S1 and S2.
Non-reducingPAGEwas used to identify the reaction products
of GSH analog-modified proteins with azido-biotin as detected
by HRP-streptavidin conjugation (Figure 2A). An intensive band
was detected when CKwas treated with GSH analog, compared
with CK treated with GSH (Figure 2B). When a 3-fold excess of
GSHwas added to compete with GSH analog, this band was still
detected at a lower intensity. Coomassie blue staining of CK
showed multiple bands on non-reducing PAGE, which was
caused by the formation of the oxidized form of CK. GSH analog
was further tested to modify proteins from cell lysates of 293T
cells. Multiple bands were visualized for GSH analog-modified
proteins by western blotting in non-reducing PAGE (Figure 2C)
compared with the GSH-modified proteins. These results
demonstrate that theGSH analog is efficient for profiling of gluta-
thionylated proteins, and for the enrichment and identification of
glutathionylated peptides in biological systems.
Profiling of Glutathionylated Proteins in E. coli and
Drosophila
Using the GSH analog probe, we profiled the glutathionylated
proteins in the lysates of E. coli and Drosophila. Each sample
was divided into three parts: Part 1 was reduced and alkylated
before reacting with GSH analog and was used as the negative
control; part 2 was directly reacted with GSH analog to enrich
glutathionylated peptides; and part 3 was oxidized with H2O2
before reacting with the probe and was used as the positive con-
trol. Details are given in Experimental Procedures. More gluta-
thionylated peptides were detected in the positive control (the
numbers of overlapping glutathionylated peptides between the
sample and the positive control from experiment 1 in E. coli
and Drosophila are shown in Figure S3), whereas only 22 and
50 glutathionylated peptides were identified in the negative con-
trol in E. coli and Drosophila, respectively.
In E. coli, a total of 937 glutathionylated peptides from 579 pro-
teins were identified from three biological replicates (Table S1).
More than half of the peptides were found in all three replicates,
as indicated in Table S1 and Figure S4A. Gene ontology (GO)
analysis showed that most metabolic enzymes in glycolysis,
the tricarboxylic acid (TCA) cycle, and pentose phosphate
pathway were glutathionylated.
The protein extract from flies was treated with GSH analog for
1 hr, followed by 12C-iodoacetamide (12C-IAM) blocking and
trypsindigestion;after enrichmentbystreptavidinbeads,peptides
were eluted byDTT and labeledwith 13C-IAM. A total of 1,930 glu-
tathionylated peptides from 1,070 proteins were identified from
three biological replicates by searching 13C-IAM modification in
Drosophila (Table S2). More than half of the glutathionylated pep-
tides were identified in all three replicates (Figure S4B), indicating
that the enrichment method is reproducible in biological repli-
cates. It is worth mentioning that glutathionylated peptides identi-
fied in negative controls were removed from Tables S1 and S2.
The 1,070 glutathionylated proteins in Drosophila were further
classified according to biological processes, molecular func-
tions, and cell locations (Figure 3) by the function annotation in
the Proteome Discoverer software. Most of these proteins are
related to metabolic process, cellular process, localization, and
biological regulation.9, November 19, 2015 ª2015 Elsevier Ltd All rights reserved 1463
Figure 3. GO analysis of the Glutathiony-
lated Proteins in Drosophila
(A) Biological process analysis of the glutathiony-
lated proteins.
(B) Molecular function analysis of the glutathiony-
lated proteins.
(C) Cellular localization of the glutathionylated
proteins.We identified glutathionylation in both high-abundance pro-
teins associated with metabolic processes and in low-
abundance proteins of signal transduction. Previous studies
showed that many metabolic proteins were glutathionylated,
including glyceraldehyde 3-phosphate dehydrogenase (Cot-
greave et al., 2002; Lind et al., 1998; Rodriguez-Pascual
et al., 2008; Zaffagnini et al., 2007), 6-phosphofructokinase
(Gilbert, 1982), aconitase (Han et al., 2005), isocitrate dehy-
drogenase (Kil and Park, 2005), and aldolase (van der Linde
et al., 2011). Glutathionylation of these proteins was also
found in the present study, indicating that metabolic proteins
in Drosophila are also sensitive to the oxidative stress and
can be regulated by glutathionylation. We also identified a
large number of glutathionylated proteins associated with
signal transduction, such as imaginal disc growth factor 2,
14-3-3 epsilon, and ras-related protein Rac1in Drosophila
(Table S2), indicating that the alkynyl-containing GSH analog
was useful for enriching glutathionylated peptides from low-
abundance proteins.
Next, we applied GSH-biotin, a widely used probe in gluta-
thionylome research, to identify 115 and 1,258 glutathiony-
lated peptides in both E. coli and Drosophila. More than
60% of the glutathionylated peptides identified by GSH-biotin
enrichment method are also present in the data obtained by
using alkynyl-containing GSH analog as the enrichment ma-
trix, as indicated in Tables S1 and S2. These data not only vali-
date our results, but also reveal that the alkynyl-containing
GSH probe allows us to identify 364 more glutathionylated
peptides than the GSH-biotin method from one experiment
(data not shown).
Identification of glutathionylated peptides from searching
the proteome data of E. coli and Drosophila was also used to1464 Chemistry & Biology 22, 1461–1469, November 19, 2015 ª2015 Elsevier Ltd All rights rvalidate the glutathionylated peptides.
Without prior enrichment, only 9 and 16
glutathionylated peptides were identified
in E. coli and Drosophila, respectively.
Among the glutathionylated peptides
identified, 8 in E. coli and 14 in Drosophila
were found in Tables S1 and S2 (listed in
Table S3). These results suggest that glu-
tathionylated proteins identified in this
study are a reliable resource for finding
in vivo glutathionylation sites.
Analysis of Glutathionylation in
Metabolic Pathways in E. coli and
Drosophila
From prokaryotic to eukaryotic organ-
isms, proteins involved in glycolysis,the TCA cycle, and oxidative phosphorylation are con-
served in their sequences as well as in their post-trans-
lational modifications. More than 90% of metabolic enzymes
were glutathionylated as listed in Figure 4A, which regulate
major metabolic pathways (Figure 4B). The glutathionylated
cysteine residues in metabolic enzymes in E. coli and
Drosophila were summarized, and glutathionylation of six
proteins was identified in both species. The conserved
Cys residues of glutathionylation among species were
identified in isocitrate dehydrogenase and pyruvate kinase
(Figure 5).
Characterization of the Consensus Motif for
Glutathionylation
Frequencies of the amino acid (AA) residues next to the glu-
tathionylation sites were calculated and compared with the
expected AA usage frequency, i.e. the probability of each
AA occurring in protein as determined by chance in the ge-
netic codon table. The peptide sequence including glutathio-
nylated Cys residue and the AAs next to the Cys residue was
denoted as the consensus motif for glutathionylation. Fig-
ure 6A shows the statistical results in Drosophila, where 20
natural AAs were divided into five groups: non-polar and
aliphatic group, aromatic group, polar and uncharged group,
positively charged group, and negatively charged group
(Nelson and Cox, 2008). The frequency of a negatively
charged AA next to the glutathionylated Cys is 14.5%, i.e.
two times higher than the expected AA usage frequency of
Asp and Glu, suggesting that a negatively charged AA resi-
due enhances glutathionylation. On the other hand, the fre-
quency of a positively charged AA next to glutathionylated
Cys is 11%, lower than the expected AA usage frequencyeserved
Figure 4. Analysis of Glutathionylated En-
zymes in Central Cellular Metabolism of
E. coli and Drosophila
(A) The number listed represents the identified
glutathionylation site and the reference on
glutathionylation of a specific enzyme. For No. 3,
* indicates class I, # indicates class II; for
No. 4, * indicates class I, # indicates class II; for
No. 9, * indicates class I, # indicates class II;
for No. 10, * indicates decarboxylase component
E1, thiamin-binding, # indicates dihydrolipoyl
transacetylase component E2, $ indicates
thiamin-dependent, FAD-binding; for No. 14,
* indicates a subunit, # indicates b subunit; for
No. 16, * indicates aerobic class I, # indicates
catalytic and NAD/flavor protein subunit; for No.
17, * indicates NADP-dependent oxaloacetate
decarboxylating, # indicates malate dehydroge-
nase 2; for No. 22, * indicates g subunit, # in-
dicates subunit B.
(B) Diagram of central cellular metabolism from
glycolysis to ATP synthesis showing the functions
of enzymes listed in (A). The numbers correspond
to the numbers listed in (A).16.4% of His, Lys, and Arg. Similar results were also
observed in the glutathionylation data of E. coli (Figure S5).
In contrast, the statistical data of Cys motif calculated from
proteomics data, whereby nearly 2,000 Cys-containing pep-
tides were identified in Drosophila (F.Y. and Y.C, unpublished
data), were very close to the expected frequency (Figure 6B).
These results indicate that the negatively charged residues
glutamic acid and aspartic acid have higher frequency
of occurring immediately next to the cysteine in these
peptides.Chemistry & Biology 22, 1461–1469, November 19, 2015Regulation of Malate
Dehydrogenase by
Glutathionylation
Malate dehydrogenase (MDH) catalyzes
the conversion of malate to oxaloacetate
in the TCA cycle. The glutathionylation
sites of MDH were identified in Figure 4A.
To study the effects of glutathionylation on
MDH activities, we incubated porcine
MDH with oxidized glutathione (GSSG)
for different times and its activity was
measured by NAD+ formation. Inhibition
of MDH by glutathionylation is concentra-
tion-dependent and time-dependent (Fig-
ures 7A and 7B). When the concentration
of GSSG reached 20 mM, the activity of
MDH was fully inhibited. These observa-
tions indicate that the activity of MDH
can be regulated by the level of glutathio-
nylation, consistent with effects of gluta-
thionylation on other metabolic enzymes
such as CK and glyceraldehyde 3-phos-
phate dehydrogenase (Kehr et al., 2011;
Reddy et al., 2000; Zaffagnini et al.,
2012). We also identified the glutathiony-lated peptide of porcine MDH using MS (Figure 7C), and this glu-
tathionylated Cys residue was conserved in MDH of Drosophila
as detected at Cys275 (Figure 4A) using MS/MS (Figure S6).
DISCUSSION
Protein glutathionylation is an important post-translational modi-
fication that regulates almost all the cellular processes from en-
ergy metabolism to organism development (Dalle-Donne et al.,
2009). There is no universally applicable method to identify allª2015 Elsevier Ltd All rights reserved 1465
Figure 5. Conserved Glutathionylation Sites Identified for Isocitrate
Dehydrogenase and Pyruvate Kinase among Different Organisms
(A) The multiple sequence alignment of isocitrate dehydrogenase from
porcine, human, and Drosophila shows the conserved glutathionylated Cys
residue highlighted by the red box (Kil and Park, 2005).
(B) Multiple sequence alignment of pyruvate kinase from E. coli, Drosophila,
and human shows the conserved glutathionylated Cys residue highlighted in
bright blue; the other conserved or identical residues are highlighted in pink or
orange, respectively (Chiang et al., 2012).
Figure 6. Statistical Frequencies of Amino Acid Residues Next to the
Cys Residue from Drosophila
(A) Bar graph showing the frequency of different amino acid residues in pro-
teins and in the position next to a glutathionylated Cys residue identified in the
present work.
(B) Bar graph showing the frequency of different amino acid residues in pro-
teins and in the position next to a Cys residue.
Group 1 comprises non-polar and aliphatic residues including Ala, Gly, Ile, Leu,
Met, Pro, and Val; group 2 comprises aromatic residues including Phe, Tyr,
and Trp; group 3 comprises polar and uncharged residues including Cys, Ser,
Thr, Asn, and Gln; group 4 comprises positively charged residues including
His, Lys, and Arg; group 5 comprises negatively charged residues including
Asp and Glu. Groups 4 and 5 are marked with asterisks.glutathionylated proteins or peptides in cells and an organism. In
the present study, we developed an alkynyl-containing GSH
probe to increase the coverage of glutathionylome and applied
the probe to profile glutathionylated peptides in two model or-
ganisms. Using this probe, we identified two glutathionylation
sites, Cys283 and Cys74, in CK (Figure 1), where glutathionyla-
tion of Cys283 was reported previously (Reddy et al., 2000),
while glutathionylation of Cys74 was first identified in the present
study. Cys74 is located at the domain-domain interface and par-
ticipates in the disulfide formation in oxidized CK (Feng et al.,
2013; Reddy et al., 2000; Zhao et al., 2006). Glutathionylation
of Cys74 residue may protect CK from oxidation.
In the present study, 937 and 1,930 glutathionylated peptides
were identified, among which 492 and 988 were found in all three
replicates in E. coli and Drosophila, respectively. The number of
the glutathionylated peptides identified in this work is higher than
that reported in previous studies (Fratelli et al., 2002, 2003; Gao
et al., 2009; Kehr et al., 2011; Lind et al., 2002; Zaffagnini et al.,
2012). Although more glutathionylated peptides were identified
using the clickable probe developed in this work, we noticed
that about 500 glutathionylated peptides identified using the
biotin-GSH probe were not detected in the dataset presented
in Tables S1 and S2, indicating that the clickable probe and
GSH-biotin are complementary to each other for the identifica-
tion of glutathionylated proteins. It is worth mentioning that the
glutathionylated peptides listed in Tables S1 and S2 were iden-
tified from the probe-modified proteins in cell lysates that may
not represent the in vivo glutathionylation products in cells. How-
ever, we also noticed that 88% glutathionylated peptides identi-
fied directly from organisms without prior enrichments (Table S3)
are present in the list (Tables S1 and S2), suggesting that the
in vitro results provide a guide toward finding the in vivo gluta-
thionylation sites. Since the glutathionylome of Drosophila has
not been reported before, the glutathionylated proteins identified
in the present study serve as a valuable resource for studying the
function of glutathionylation in Drosophila.
Glutathionylation of 22 metabolic enzymes in glycogenesis
and ATP synthesis was identified in E. coli and Drosophila, and1466 Chemistry & Biology 22, 1461–1469, November 19, 2015 ª2015the conserved glutathionylated Cys sites were identified in isoci-
trate dehydrogenase and pyruvate kinase (Figures 4 and 5).
Biochemical studies showed that glutathionylation of MDH
decreased its activities (Figure 7). Furthermore, the consensus
motif for glutathionylation was analyzed, showing that the nega-
tively charged AA residues Asp and Glu were more frequently
observed immediately next to the glutathionylated Cys residues
(Figure 6). These results are valuable in the prediction of gluta-
thionylation sites in other organisms.
In conclusion, the alkynyl-containing GSH probe is an efficient
tool for enrichment of glutathionylated peptides, which allows
identification of potential glutathionylated peptides in E. coli
and Drosophila. Our results show that most metabolic enzymes
are glutathionylated and that glutathionylation plays an impor-
tant role in regulating activities of enzymes in central metabolic
pathways from prokaryote to eukaryote. Analysis of glutathiony-
lated peptides showed that the negatively charged AA residues
are frequently observed immediately next to the glutathionylated
Cys residues.Elsevier Ltd All rights reserved
Figure 7. Regulation of Porcine Malate De-
hydrogenase Activity by Glutathionylation
(A) GSSG-dependent changes of MDH activities in
which 10 U/ml MDH was incubated with various
concentrations of GSSG at 37C for 2 hr.
(B) Time-dependent changes of MDH activities in
which 10 U/ml MDH was incubated with 0 (open
squares) and 20 mM (filled squares) GSSG at 37C
for 0 to 60 min. All the activity measurements were
replicated three times and the average values and
error bars were calculated based on the Student
test.
(C) The MS spectrum in which the mono-isotope
peak at m/z 904.09 matches the glutathionylated
tryptic peptide containing Cys275 generated from
malate dehydrogenase, and the MS/MS spectrum
of the modified peptide.SIGNIFICANCE
Protein glutathionylation is a post-translational modification
that regulates a variety of cellular processes by modulating
protein functions, and prevents irreversible oxidation of pro-
tein thiols. Global profiling of glutathionylated proteins or
peptides is crucial for understanding redox-regulated signal
transduction. In the present work, we developed a novel
method with a GSH analog-containing alkynyl group to
enrich glutathionylated peptides through click reaction
in vitro, and this probe was applied to the glutathionylome
analysis in E. coli and Drosophila, in which 973 and 1,930 po-
tential glutathionylated peptides were identified, among
which 492 and 988 were found in all three replicates, res-
pectively. In vitro studies showed that glutathionylation of
MDH inhibits its activities. Bioinformatics analysis showed
that the glutathionylation of metabolic enzymes was con-
served among different species from bacteria to mammals.
Finally, negatively charged AA residues are more frequently
observed immediately next to the glutathionylated Cys resi-
due than other AA residues. These findings can help us to
understand the importance of protein glutathionylation in
metabolic pathways and predict the potential glutathiony-
lated sites in other organisms.EXPERIMENTAL PROCEDURES
Materials
GSH, GSSG, ascorbic acid, azide-PEG3-biotin conjugate, SDS-Tris, CuSO4,
and porcine MDH were purchased from Sigma-Aldrich. DTT, IAM, and 13C-
IAMwere purchased fromCalbiochem. GSH-biotin was synthesized by GLBio-
chem. Trypsin Goldwas purchased fromPromega. Streptavidin Sepharosewas
purchased from GEHealthcare. All the reagents for organic synthesis were pur-
chased from Fisher Scientific or Aladdin. The gene of the HMCK has been kept
in our laboratory in the vector of pET-21a.Chemistry & Biology 22, 1461–1469, November 19, 2015Chemical Synthesis of Clickable GSH
Analogs
GSH analog was synthesized as described in
our previous report (Feng et al., 2014a). In
brief, Fmoc-Gly was activated in diisopropyle-
thylamine/diisopropylcarbodiimide dimethylform-
amide, and incubated with equal-molar propargyl-
amine over 6 hr. The products were then dissolvedin diethylamine/chloroform to remove the Fmoc protecting group. GSH analog
was further ligated with Fmoc-Cys(Trt)-OH to remove Fmoc; and ligated with
Fmoc-Glu(OtBu)-OH to remove Fmoc. The products were dissolved in tri-
chloroacetic acid to remove Trt and OtBu protecting groups, followed by chlo-
roform extraction and diethyl ether precipitation. The final products were redis-
solved in methanol/chloroform and further purified by high-performance liquid
chromatography (HPLC). The mono-isotope peak of GSH analog was at m/z
345.20.
Protein Expression and Purification
HMCK was expressed by using pET-21a vector in E. coli BL21 (DE3)-plysS
strain fromStratagene as described previously (Feng et al., 2013). In brief, after
cells were lysed, DEAE Fast Flow and Sephacryl S300 were used to purify CK
from the crude extract. The purity of the recombinant CKwas estimated at over
95% by SDS-PAGE. The purified CK was incubated with GSH analog in the
presence of 0.1 mol/l H2O2 for 1 hr, and the product was either analyzed by
MS or reacted with azido-biotin. The glutathionylation assay of CK was
checked by non-reducing PAGE without DTT. Electrophoresis was conducted
using Bio-Rad Mini-PROTEAN IV, and the samples were either stained with
Coomassie blue R-250 or transferred to NC film to take western blotting.
The CK concentration was determined using the Bradford method with BSA
as the standard (Bradford, 1976).
Enrichment of Glutathionylated Peptides
E. coli and Drosophila were cultured in LB medium and polenta medium,
respectively. E. coli cells were harvested by centrifugation at 4,000 3 g for
20 min; Drosophila were benumbed by CO2 and collected in a tube. 50 mM
Tris-Cl (pH 7.2) containing 1% NP-40 and 13 protease inhibitor cocktail (Bio-
tool, B14001) were used to lyse bothE. coli cells (33 1010 cells) andDrosophila
(1,500 flies in total), followed by sonication and centrifugation at 15,0003 g for
30 min. After discarding the precipitate, the concentrations of proteins were
measured by BCA assay at 3.8, 2.9, and 3.3 mg/ml for E. coli cells and 5.7,
5.2, and 4.6 mg/ml for Drosophila lysates in three replicates, respectively.
The proteins were equally divided into three parts and used as the negative
control, the sample for enrichment of glutathionylated peptides, and positive
control. For the negative control, proteins were reduced by 5 mM DTT, and al-
kylated by 12.5 mM IAM before reacting with GSH analog; for the positive con-
trol, proteins were incubated with 0.1 mM H2O2 for 1 hr at room temperature
before reacting with GSH analog. Then proteins were treated with GSH analogª2015 Elsevier Ltd All rights reserved 1467
at the concentration of 5 mM at room temperature for 1 hr. Cold methanol was
then added to precipitate proteins to eliminate excess probe. The precipitated
proteins were dissolved in 50 mM PBS (pH 7.2), and IAM was used to block
other free cysteines; then trypsin digestion was performed in solution and click
reaction was taken. The glutathionylated peptides were enriched by streptavi-
din beads and eluted by DTT, and further reacted with 13C-IAM and analyzed
by LC-MS/MS. Thus 13C-IAM-modified cysteines were the potential glutathio-
nylated sites.
For comparison of the enrichment efficiency between GSH-biotin and al-
kynyl-containing GSHprobe, GSH-biotin was also used to enrich the glutathio-
nylated peptides. Equal amount of proteins from E. coli and Drosophila were
incubated with 5 mM GSH-biotin for 1 hr at room temperature. The proteins
were then precipitated by cold methanol and dissolved in 50 mM PBS (pH
7.2). IAMwas used to block other free cysteines, followed by trypsin digestion.
10-ml streptavidin beads were used to enrich the GSH-biotin conjugated pep-
tides. The peptides were eluted by DTT, and further reacted with 13C-IAM and
analyzed by LC-MS/MS.
Click Reaction and Pull-Down Assay
For click reaction, the solution of the products between GSH analog and pro-
teins was added with CuSO4 at the concentration of 2.5 mM, followed by add-
ing ascorbic acid at the concentration of 25 mM. After incubation for 5 min, the
mixture was added azide-PEG3-biotin conjugate at the concentration of 1 mM
and vortexed for 5 s. After rotating end-over-end for 1 hr at room temperature,
the protein products were further precipitated by chloroform and methanol.
Protein was redissolved and digested by trypsin at 37C overnight. Then the
peptides were added with 10-ml streptavidin beads to enrich the biotin-conju-
gated peptides. The streptavidin beads were washed with three times and
boiled for 10 min to separate the desired peptides. The eluates can be further
analyzed by LC-MS/MS after desalting by stage-tip.
LC-MS/MS Analysis
Non-reducing or reducing SDS-PAGEwas used to separate the product of CK
and GSH analog, and stained with Coomassie blue G-250. The gel bands of
interest were cut into pieces. Sample was digested by trypsin without prior
reduction and alkylation in 50 mM ammonium bicarbonate at 37C overnight.
The digested products were extracted twice with 1% formic acid in 50%
acetonitrile aqueous solution, and dried to reduce volume by Speedvac.
For LC-MS/MS analysis, the peptides were separated by a 65-min gradient
elution at a flow rate of 0.250 ml/min with the EASY-nLCII integrated nano-
HPLC system (Proxeon), which was directly interfaced with the Thermo
LTQ-Orbitrap Velos mass spectrometer. The analytical column was a home-
made fused silica capillary column (75 mm internal diameter, 150 mm length;
Upchurch) packed with C-18 resin (300, 5 mm; Varian). Mobile phase A con-
sisted of 0.1% formic acid, and mobile phase B consisted of 100% acetonitrile
and 0.1% formic acid. The LTQ-Orbitrap mass spectrometer was operated in
the data-dependent acquisition mode using the Xcalibur 2.0.7 software and
there was a single full-scan mass spectrum in the Orbitrap (400–1800 m/z,
30,000 resolution) followed by 20 data-dependent MS/MS scans in the ion
trap at 35% normalized collision energy. Each mass spectrum was analyzed
using the Thermo Xcalibur Qual Browser.
Proteomics Data Analysis
Data were searched against the E. coli or Drosophila database from the NCBI
by using PD 1.3 (the Proteome Discoverer 1.3 search engine). The search pa-
rameters were: peptides mass tolerance of 20 ppm; MS/MS tolerance of
20 mmu; 13C-IAM and normal IAM modification on Cys, oxidation on Met as
the variable modification, two missed cleavages allowed. Only peptides with
the strict target false discovery rate of <1% were considered as high-confi-
dence hits, presented in Tables S1 and S2. For protein function annotation,
PD 1.3 was used to classify the proteins with high confidence by biological
processes, molecular functions, and cell locations. GraphPad Prism 5.0 was
used to generate the charts.
Measurement of Malate Dehydrogenase Activity
The MDH enzymatic assay was as previously reported (Gilbert, 1982). In brief,
oxaloacetate and NADH were used as the substrate and cofactor, respec-
tively; and the formation of NAD+ that can reflect the enzyme activity wasmoni-1468 Chemistry & Biology 22, 1461–1469, November 19, 2015 ª2015tored by measuring A340 with a UV-visible spectrophotometer, Ultrospec 2100
(GE Healthcare). The assay buffer contained 0.25 mM oxaloacetate and
0.13 mM NADH in 100 mM potassium phosphate (pH 7.5). For each assay,
1 mg of MDH treated with different concentrations of GSSG was tested. All
enzymatic measurements were done in triplicate.
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